rehabilitate its bridges and to meet the seismic guidelines that govern the safety of its bridges. In recognition of the historical importance and unique architecture of the bridge, the dot decided that the seismic safety assessment of the bridge would be based on geotechnical and structural information pertaining to the site in combination with the most advanced analytical procedures to determine what, if anything, was required to retrofit the bridge. Such an approach, it was hoped, would avoid excessive conservatism, which posed the danger of unnecessary retrofits that might detract from the architecture of the bridge.
The focus here will be on the seismic evaluation of the foundations of the main bridge, including the main tower caissons and cable anchorages on the Manhattan and Brooklyn sides. The bridge has a center span of 1,595.5 ft (486 m) and side spans of 933 ft (284 m). Its two towers are founded on caissons, which include a timber grillage 22 ft (6.7 m) thick at the Manhattan tower caisson and a 15 ft (4.5 m) thick grillage at the Brooklyn tower caisson. The figure at the top of page 42 shows the shape and materials of the towers and their caissons. The cable anchorages are founded on a 4 ft (1.2 m) thick timber grillages constructed of 12 by 12 in. (305 by 305 mm) southern pine.
The caissons were constructed of inverted watertight boxes, the timber sections bolted together to create the grillage. To protect the exterior of the caissons from sea worms and to minimize water infiltration, the caissons were wrapped with iron sheets. Compressed air was pumped into the excavation chambers to prevent river water from entering. As excavation progressed, massive limestone blocks were placed on the timber grillages to help sink the caissons into the soil beneath the river, and these blocks formed the foundations of the bridge towers. When the caissons reached the foundation level, the excavation chambers were filled with concrete. The construction of the Brooklyn tower caisson, being the first of its type, was plagued by numerous difficulties and challenges, including air blowouts, fire, and the toll taken by decompression sickness.
The Manhattan tower caisson is located entirely in the East River and is generally founded at an elevation of -78 ft (-24 m) on an approximately 7 ft (2 m) thick layer of very dense gravel, cobbles, and boulders overlying bedrock. The Brooklyn tower caisson is on land but a bulkhead retains 40 ft (12 m) of fill adjacent to the tower foundation. The base of the caisson is at an elevation of -45 ft (-13.7 m) in a layer of sand and gravel overlying a 30 ft (9 m) thick till layer above bedrock. The bedrock at the tower locations is slightly weathered.
Two advanced seismic analysis approaches were utilized to assess the vulnerabilities and retrofit needs of the main bridge, especially the tower caissons and cable anchorage foundations. In the first approach, referred to as the global analysis, the entire main bridge superstructure and the foundations were included in a single model using the finite-element analysis program adina, developed by adina r&d, Inc., of Watertown, Massachusetts (see the figure on the bottom of page 42). The cables of the bridge were modeled with nonlinear beam elements, the stays with linear straight elements (varying moduli accounting for their sag), and the suspended structure and towers as assemblies of linear beam elements. Nonlinear springs were incorporated at particular locations of Called the Great East River Bridge and the Great Suspension Bridge at the time, the Brooklyn Bridge was opened in 1883 amid great fanfare.
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the towers to account for the effects of cracking. The degree and locations of cracking were determined with separate detailed models of the towers consisting of solid elements using the computer program abaqus-produced by Dassault Systèmes, of Vélizy-Villacoublay, France, and licensed by its simulia division, of Providence, Rhode Island-and the material properties were modeled using the anacap-u software, developed by Anatech Corporation, of San Diego. As shown in the figure, a spine model created from beam elements representing the caisson and from rigid links representing distributed nonlinear springs and dashpots at the base and sidewalls of the caissons was used to simulate the interaction between soil and structure. Twentyfive springs at the base and 20 springs at each of two elevations along the sides of the caisson were applied. The springs included such features as gapping and slipping along the caisson-soil interface at the base and sidewalls. The figure at the top of page 43 shows a longitudinal cross section of the Brooklyn tower foundation depicting the locations of the springs and dashpots in the model.
Extensive f ield geotechnical and geophysical testing programs were implemented to characterize the site conditions and obtain reliable estimates of the shear and compression wave velocities of the soils, bedrock, caisson timber gr illages, and limestone blocks. This geotechnical work provided the foundation impedances-that is, the springs and dashpots-and the kinematic motions acting on the foundation impedances for use in the modeling.
In the second approach, referred to as the local analysis, each bridge tower, its caisson, and the surrounding soils were modeled using the computer program flac (Fast Lagrangian Analysis of Continua), developed by Itasca, an international consulting and software firm that has its U.S. headquarters in Minneapolis. In the analysis the tower, the caisson, and the soils were modeled as solid elements. The potential slipping and gapping along the interfaces between the soil and the caisson were modeled by using interface elements. The program uses the finite-difference numerical technique to solve the static and dynamic response of the continuum consisting of the bridge tower, its caisson, and the surrounding soils. The purpose of using two approaches for analyzing the interactions between the soil, the foundation, and the bridge was to confirm the accuracy of the kinematic motions and of the foundation and soil model used in the global analysis, to validate the analytical results from both analyses, and to ensure that the final conclusions regarding the need for retrof itting, especially with respect to the main bridge foundations, were realistic. The figure at the bottom of page 43 shows the typical locations of the springs and dashpots for the Brooklyn cable anchorage. Similar springs and dashpots were used for the Manhattan cable anchorage.
Spr i n g s a nd d a shpot s were placed at nine locations within the base and four locations along the sides of each anchorage, representing the interaction between the soil and the caisson at the cable anchorages. Their values were determined using the computer program sassi (System for Analysis of Soil-Structure Interaction), developed by a group of graduate students under the direction of the late John Lysmer, Ph.D., a professor of geotechnical engineering at the University of California at Berkeley. The frequency-dependent stiffness coefficients were compared with values computed on the basis of simple stiffness equations applicable to shallow foundations. Typically, within the frequency range of relevance to the anchorages (above 2 Hz), the simple equations overestimate the stiffness coefficients for the two cable anchorages. Such overestimation would have led to underestimates of the motions of the Brooklyn cable anchorage and, conversely, overestimates of the Several rock motion time histories were selected from the set of records that the dot released in 2004 for the analysis of its bridges. The appropriate records were selected and modified to represent the spatial variability of the motions and the rock condition at each of the bridge foundation locations. The global analysis evaluated motions corresponding to an event with a 2,500-year return period, which would generate a peak acceleration of 0.2g at the surface of a hard rock outcrop.
To account for the effect of the spatial variability of the motions along the longitudinal axis of the bridge, the global analysis was performed using multisupport excitation. Here the displacement time histories were specified at all foundation springs and dashpots, those points representing the interaction between the foundations of the bridge and the soils. These displacement records for the cable caissons were obtained from the acceleration records calculated from the sassi program after making the appropriate baseline corrections. The figure at the bottom right of the opposite page shows a typical displacement record that was specified in the global analysis at the base and sides of the Brooklyn cable anchorage. Similar records were computed for the Manhattan cable anchorage. The analyses of the interaction between the soil and caissons showed that the motion along the side of the caissons is almost identical to that at the bases, thus indicating that, owing to the large size of their bases, the caissons are not likely to rock.
For the global model, the k inematic motions applied at the locations of the caisson springs were computed using flac. The f igure at the top of page 44 shows the flac model of the Brook lyn tower foundation. Using variable support excitation in the global analysis of the bridge requires the application of ground motions in the form of displacement time histories at each foundation spring and dashpot. The foundation spring and dashpot coeff icients for the tower caissons were initially computed as a function of frequency and of the estimated loads on the caissons using flac and a hysteretic soil model that approximated the nonlinear soil behavior. The total caisson foundation soil stiffness and damping coefficients were computed by applying sinusoidal forces and moments at the center of gravity of the caissons. These coefficients were then distributed to the 25 springs along the base and the 20 springs at each of two elevations along the sidewalls of the caissons. The distribution ensured that the cumulative stiffness and damping of the individual springs along the sidewalls and base of a caisson matched the total stiffness and damping coefficients. These foundation impedances were used in a preliminary seismic global analysis of the bridge to estimate the inertial loads on the caissons of the towers and to conduct a preliminary assessment of the retrofit requirements of the tower caissons.
To account for the effect of potential sliding and tilting of the tower caissons on the seismic response of the caissons, the flac model (shown at the top of the next page) was modified by including slip and gap elements along the interfaces between the soil and caisson. The analysis involved first applying gravity to compute the initial stresses within the interface elements and then applying forces and moments on the caissons, one direction at a time (as in pushover analyses). The displacements and rotations of the caisson were then computed. Also included in the model were static and equivalent dynamic cable forces and deck loads on the tower, which were computed by the initial global analysis of the bridge. The properties of the interface elements included the friction angle of the cohesionless soils, the undrained shear strength of the clay, and the normal and shear stif fnesses of the inter face elements, which were based on the shear modulus of the soil and the dimensions of the soil elements adjacent to the interface elements. The moduli of the timber grillage and the limestone of the tower (7.5 × 10 6 kN-m), which is significantly greater than the 3.5 × 10 6 kip-ft (4.746 × 10 6 kN-m) computed in the initial global analysis using the frequency-dependent foundation impedances. Hence no portion of the Brooklyn tower caisson is expected to separate from the underlying soils during the 2,500-year event, a conclusion that was later confirmed by the local analysis of the tower and its foundation. Similar calculations using horizontal force-displacement curves for the Brooklyn and Manhattan tower caissons led to the same conclusions, namely, that the caissons are safe against sliding and separation. A total of three translational force-displacement and three moment-rotation curves were generated for each tower caisson using the flac models and interface slip and gap elements. These total stiffness curves were then distributed to the base and sidewall springs, and the global analysis was repeated to obtain the final results.
T he towers and caissons of the Brooklyn Bridge are massive and rigid, and its superstructure is flexible. Furthermore, the design rock motions are rich in high frequencies but have little energy in the lowfrequency range. It is therefore quite reasonable to expect that the dynamic inertial loads from the deck and the cables contribute very little to the seismic response of each tower and caisson. This expectation was clearly observed in the global analysis of the bridge, which also confirmed that the towers respond nearly linearly for the 2,500-year return period event.
Hence it was of interest to perform a local seismic analysis of each of the two towers with their caissons and surrounding soils using the flac program. Such an analysis avoided the various assumptions made in calculating the kinematic motions and the foundation stiffness and damping coefficients. It also more accurately modeled the soil's nonlinear behavior and computed in detail the stress field within the caissons as well as the soil bearing stresses along the caisson sidewalls and bases.
The Brook lyn tower caisson model shown at the top of page 44 was used in the local analysis to investigate the vulnerability of the caisson. It included static and equivalent dynamic cable forces as well as hydrostatic effects. For the soils, a hysteretic model was used in which the soil moduli and damping ratios were adjusted at every step of time integration based on parameters that approximated appropriate normalized moduli versus shear strain curves. The model of the soil, caisson, and tower was first subjected to gravitational loads and then to the same 2,500-year base rock horizontal and vertical motions that were used in calculating the kinematic caisson motions. The The figures at the bottom of the opposite page and the top of this page present summary plots of the accelerations at various nodes within the longitudinal and transverse models of the Brooklyn tower and its foundation. These results show that the base rock motion amplifies as it propagates through the structure. The acceleration response spectra of the computed motions show motion amplification at two particular periods, 0.2 second and 0.6 second. Simple calculations of the horizontal and rocking periods of the tower and its caisson confirmed that the first period corresponded to the longitudinal period of the tower, whereas the second is most likely associated with the rocking period about the transverse axis of the bridge. These modal periods were also within the period ranges that were observed through ambient vibration measurements of the bridge.
The figure below and the one at the top of page 48 show the horizontal and vertical displacement histories at respectively the top and bottom of the interface elements at the base of the caisson under the longitudinal earthquake excitation of the 2,500-year seismic event. The top and bottom displacements are identical, indicating that the interface elements do not exhibit slipping or gapping along the base of the tower. The figure at the bottom of page 48 shows a summary of the initial static and dynamic shear stresses along selected cross sections within the Brooklyn tower and its caisson.
The maximum shear stress in the concrete of the caisson is about 45 psi (310 kPa), and in the timber grillage it is about 50 psi (345 kPa). These values are significantly smaller than the shear capacities that were measured in the laboratory for the concrete and timber specimens.
The f igure at the top of page 49 shows the shear and ef fective ver tica l stresses along the base of the caisson induced by gravity and the combined horizontal and vertical excitations. Under this load combination, the maximum effective normal stress is roughly 125 psi (862 kPa), and the minimum effective normal stress is roughly 0 psi. These bearing stresses are very small relative to their ultimate capacity, which is more than 100 ksf (4,788 kPa). Similar investigations of the Brooklyn tower and its caisson were carried out considering seismic excitation in the transverse direction. The conclusions were identical to those obtained in the longitudinal analyses. A s described above, the global analysis of the Brooklyn Bridge incorporated the entire bridge, including the towers, cables, suspended structure, and foundations. Thus it provided the means by which to consider the cable effects and the masonry tower's potential for cracking. However, the simplif ied models of the caissons made it possible to calculate stresses at only a few selected locations where the springs were placed. In the f igure at the bottom of the opposite page, a comparison is made of the effective vertical normal stress along the base of the Brooklyn tower caisson obtained from the global and local analyses. The agreement between the global and local analyses is quite good in view of the vast differences in the two analytical approaches.
Further comparisons of the results obtained from the local and global analyses for both the Brooklyn and Manhattan towers and their foundations led to the conclusions that the local and global analyses yielded similar results and that the main tower foundations are adequate to safely resist the 2,500-year event without experiencing sliding or separation at any portion of their bases and without bearing capacity failure. Hence, the foundations of the main span of the Brooklyn Bridge do not require retrofitting.
In conclusion, the seismic assessment of the bridge was completed using the most advanced engineering investigation methods available to ensure that the evaluation of the 
